Candida albicans is a major fungal pathogen of humans, causing both superficial and life-threatening systemic infections in immunocompromised people. The conserved Ras/cAMP/PKA pathway plays a key role in regulating multiple traits important for the virulence of C. albicans such as cell growth, yeast-hyphal transition, white-opaque switching, sexual reproduction and biofilm development. Diverse external signals influence cell physiology by activating this signaling pathway. The key components of the Ras/cAMP/PKA pathway include two Ras GTPases (Ras1 and Ras2), an adenylyl cyclase (Cyr1, also known as Cdc35), two cyclic nucleotide phosphodiesterases (Pde1 and Pde2) and the catalytic (Tpk1 and Tpk2) and regulatory (Bcy1) subunits of PKA kinase. Activation of this pathway dramatically alters the gene expression profile via several transcription factors, leading to the activation of specific biological processes. Here, we review the progress made in the past two decades to elucidate the molecular mechanisms by which the Ras/cAMP/PKA pathway senses diverse environmental cues and controls specific cellular responses and its connection with other signaling pathways in C. albicans.
Introduction
The conserved Ras/cAMP/protein kinase A (PKA) pathway plays a central role in the regulation of many biological aspects in eukaryotic organisms (D'Souza and Heitman, 2001; Fimia and Sassone-Corsi, 2001; Gerits et al., 2008) . In fungi, this pathway governs pathogenesis, morphological transitions, nutrient sensing and acquisition, sexual reproduction and stress responses (D'Souza and Heitman, 2001; Hogan and Sundstrom, 2009; Kronstad et al., 2011) . For example, this pathway controls invasive and pseudohyphal growth, nutrient sensing and mitochondrial biogenesis in the model organism Saccharomyces cerevisiae (Pan et al., 2000; Hlavata and Nystrom, 2003; Conrad et al., 2014) ; and in the fission yeast Schizosaccharomyces pombe, it regulates sexual reproduction and gluconeogenesis (Higuchi et al., 2002) . The Ras/cAMP/PKA pathway has also been investigated extensively in many pathogenic fungi of plants and humans for its roles in sexual mating, sporulation, morphological transitions, environmental sensing and virulence (Wang and Heitman, 1999; Borges-Walmsley and Walmsley, 2000; Lee et al., 2003) .
Candida albicans is a major fungal pathogen of humans. It causes not only superficial diseases such as oral thrush and vaginitis but also life-threatening systemic infections (Brown et al., 2012) . Multiple signaling pathways are involved in the regulation of pathogenesis and pathogenesis-related features including morphological transitions and environmental adaptation (Biswas et al., 2007; Whiteway and Bachewich, 2007) . Among these pathways, the Ras/cAMP/PKA and Ste11/Hst7/ Cek1/2-mediated MAPK pathways are the most important (Biswas et al., 2007) . In this review, we focus on the roles of the Ras/cAMP/PKA pathway in filament development, signal sensing, white-opaque switching, sexual mating and virulence in C. albicans (Fig. 1) .
The major components of the Ras/cAMP/PKA pathway of C. albicans include two Ras GTPases (Ras1 and Ras2) (Feng et al., 1999; Zhu et al., 2009) , an adenylyl cyclase (Cyr1, also named as Cdc35) (Rocha et al., 2001) , a low (Pde1) and a high (Pde2) affinity cyclic nucleotide phosphodiesterase (Hoyer et al., 1994; Jung and Stateva, 2003) and the PKA comprised of regulatory and catalytic subunits Giacometti et al., 2006; Ding et al., 2016; Cao et al., 2017) . C. albicans Ras1 shares high similarity to Ras proteins of other fungi in both the amino acid sequence and domain organization (Feng et al., 1999; Zhu et al., 2009) . However, C. albicans Ras2 is an atypical Ras that shares poor similarity to typical Ras proteins (Zhu et al., 2009) . C. albicans RAS1 but not RAS2 can rescue the lethality of the ras1 ras2 double mutant of S. cerevisiae (Zhu et al., 2009) . Ras GTPases are molecular switches which, in response to environmental stimulation, switch from the inactive GDP-to the active GTP-bound form which subsequently activates the adenylyl cyclase to produce the second messenger cAMP. In S. cerevisiae, Ras1/2 activity is activated by the guanyl-nucleotide exchange factor Cdc25 and inactivated by the GTPase-activating protein Ira2 (Tamanoi, 2011) . C. albicans has both Cdc25 and Ira2 homologs, although their role in regulating Ras has not been demonstrated experimentally. Interestingly, the Ras effector Cyr1 regulates Ras1-GTP binding in response to the decrease of mitochondrial activity (Grahl et al., 2015) . Fungal adenylyl cyclases are highly conserved and contain multiple functional domains typically including a Ras-association domain, a leucine-rich repeat Fig. 1 . Environmental regulation of cell growth, morphological transitions and biofilm formation through the Ras/cAMP/PKA pathway in C. albicans. In response to extracellular stimuli (such as GlcNAc and serum), Ras1 switches to the active form and activates the adenylyl cyclase Cyr1 to produce cAMP. Some environmental factors including CO 2 , and bacterial peptidoglycan can also directly activate Cyr1 to produce cAMP, which binds to the PKA regulatory subunit Bcy1 and releases the catalytic subunit. Ras2 plays a negative role in the regulation of Cyr1. Flo8, Efg1 and Wor1 contain conserved PKA phosphorylation motifs and are key transcription factors required for whiteopaque switching, filamentation and biofilm formation. The Ras/cAMP/PKA pathway is also involved in the regulation of cell growth, cell death and sexual mating through unidentified mechanisms.
(LRR) domain and a cyclase catalytic domain. The different domains of C. albicans adenylyl cyclase Cyr1 act as a sensor of multiple stimuli with distinct natures such as temperature, CO 2 , glucose, peptidoglycan, farnesol and G-actin (Fig. 2) (Wang, 2013) . PKA consists of two catalytic and two regulatory subunits and is activated when cAMP binds to the regulatory subunits to release the catalytic subunits. In C. albicans, the PKA catalytic subunits have two isoforms encoded by TPK1 and TPK2 , whereas the regulatory subunit is encoded by a single gene BCY1 (Giacometti et al., 2006; Ding et al., 2016) . The downstream targets of PKA include transcriptional regulators and other effectors to control cellular responses. Major potential targets of PKA in C. albicans include transcription factors Efg1, Flo8 and Wor1 Cao et al., 2006; Huang et al., 2006) which are key regulators of filament development or white-opaque switching or both.
Roles of the Ras/cAMP/PKA pathway in the regulation of cell growth and viability
The Ras/cAMP/PKA pathway plays a central role in controlling cell growth and viability in many fungi (Pan and Heitman, 1999; D'Souza and Heitman, 2001; CervantesChavez et al., 2009; Weidberg et al., 2016; Cao et al., 2017) . For example, the deletion of both RAS1 and RAS2 (Kataoka et al., 1984) or CYR1 in S. cerevisiae is lethal (Casperson et al., 1985) , suggesting that this signaling pathway is essential for cell growth. S. cerevisiae contains three PKA catalytic isoforms, namely, Tpk1, Tpk2 and Tpk3. Although none of them is essential, at least one TPK gene must be intact for cell viability (Cannon and Tatchell, 1987; Toda et al., 1987) .
The Ras/cAMP/PKA pathway has attracted intensive attention in the Candida field in the past two decades. In C. albicans, none of the components of this pathway, including Ras1, Ras2, Cyr1, Pde1, Pde2, Tpk1, Tpk2 and Bcy1, is essential for cell viability, although inactivation of some components results in slow cell growth (Rocha et al., 2001; Jung et al., 2005; Zhu et al., 2009; Wilson et al., 2010; Ding et al., 2016; Cao et al., 2017) . The deletion of RAS1 in C. albicans leads to a ~20-fold decrease of intracellular cAMP level, while further deletion of RAS2 restores it to ~30% of the wild-type strain, suggesting that the two Ras proteins are not required for cell viability and play antagonistic roles in the regulation of the cAMP level (Zhu et al., 2009) . It has been shown that the downstream effector of Ras, the sole adenylyl cyclase Cyr1, is also not required for cell viability in C. albicans (Rocha et al., 2001) . However, the null mutant of CYR1 grows extremely slowly compared to the wild-type strain and ras1/ras1 mutant, implying that the basal activity of Cyr1 required for cell growth is independent of Ras1. We recently found that the deletion of either RAS1 or CYR1 in C. tropicalis, a species closely related to C. albicans, dramatically decreased the growth rate, suggesting that both Ras1 and its effector Cyr1 are critical for cell growth in this species (Zhang et al., 2016) . It had long been thought that the catalytic subunit of PKA was essential for cell viability in C. albicans . Taking advantage of a newly developed gene deletion strategy and a multiple autotrophic strain (Noble and Johnson, 2005) , we have successfully generated a tpk1/tpk1 tpk2/tpk2 double mutant in C. albicans (Cao et al., 2017) . Similar to the cyr1/cyr1 mutant (Rocha et al., 2001) , the tpk1/tpk1 tpk2/ tpk2 double mutant exhibits an extremely slow growth rate (Cao et al., 2017) . However, the deletion of either TPK1 or TPK2 has no significant effect on cell growth, suggesting that the two isoforms of PKA catalytic subunit play a redundant role in this regulation. The deletion of the PKA regulatory subunit-encoding gene, BCY1, leads to constitutive activation of PKA. It had also been thought that the inactivation of Bcy1 was lethal to C. albicans and this gene had only been deleted in a tpk2/tpk2 null mutant (Cassola et al., 2004) . Using a similar strategy to that used for TPK gene deletions, we successfully generated a null mutant of BCY1 in C. albicans (Ding et al., 2016; Cao et al., 2017) . We have found that the bcy1/bcy1 mutant exhibits growth defects and is more vulnerable to stresses perhaps due to the constitutive activation of PKA (Ding et al., 2016; Cao et al., 2017) . Similar defects were also observed in the cAMP phosphodiesterase mutant (pde2/pde2) (Jung and Stateva, 2003; Jung et al., 2005) since the deletion of the high-affinity cAMP phosphodiesterase-encoding gene, PDE2, increases the level of intracellular cAMP that binds to Bcy1 and thus releases the PKA catalytic subunit. Taken together, the Ras/cAMP/ PKA pathway is not essential for cell viability but plays a critical role in the regulation of cell growth in C. albicans.
Consistently, we have reported that the Ras/cAMP/PKA pathway plays important roles in filamentous growth and white-opaque transition, but none of the pathway components is essential for cell viability in C. tropicalis. We successfully generated a tpk1/tpk1 tpk2/tpk2 double mutant in C. tropicalis (Zhang et al., 2016; Zheng et al., 2017) . A more recent study has verified that the PKA catalytic subunit is not required for cell growth in C. tropicalis but is important for virulence (Lin et al., 2018) .
Roles of the Ras/cAMP/PKA pathway in the regulation of virulence and hyphal development
The Ras/cAMP/PKA pathway plays a central role in the regulation of virulence in C. albicans. Ras regulates both the cAMP/PKA signaling and Ste11-Hst7-Cek1/2-mediated MAPK pathways in C. albicans (Leberer et al., 2001) . The deletion of RAS1 in C. albicans attenuated virulence in a mouse model of systemic infection (Feng et al., 1999) , whereas the deletion of CYR1 almost completely abolished its virulence both in a mouse mucosal membrane model and a systemic infection model (Rocha et al., 2001) . The PKA catalytic subunit Tpk2 and its downstream target Efg1, but not Tpk1, are essential for virulence in a mouse oropharyngeal candidiasis (OPC) model (Park et al., 2005) . The tpk2/tpk2 mutant exhibits a comparable virulence to the wild-type strain in a mouse systemic infection model (Park et al., 2005) , although Efg1, a potential target of Tpk2, is essential for full virulence (Lo et al., 1997) .
Morphological transitions such as the yeast-hyphal growth switch are tightly linked to virulence in C. albicans (Lo et al., 1997; Whiteway and Bachewich, 2007) . Different cell types play distinct roles in the process of infection. Given the importance of the Ras/cAMP/PKA pathway in the regulation of cell growth and morphological transitions in C. albicans, the defects of the mutants of this pathway in virulence are likely caused by both the reduced cell growth rate and defects of morphological changes.
A diverse variety of environmental factors such as temperature, serum, CO 2 , pH and nutritional conditions regulate hyphal development through the Ras/cAMP/PKA pathway in C. albicans (reviewed by Biswas et al., 2007) . The deletion of RAS1 results in a hyphal growth defect in response to serum but does not block pseudohyphal development (Feng et al., 1999) , whereas the deletion of RAS2 has no obvious effect on the induction of hyphal growth under the same condition (Zhu et al., 2009) . However, deleting of RAS2 in the ras1/ras1 mutant aggravates the hyphal defect, implying that Ras2 plays a minor role in the hyphal development and this role is masked in the presence of Ras1 (Zhu et al., 2009) . Given their antagonistic roles in regulating intracellular cAMP level in C. albicans, the deletion of both RAS1 and RAS2 may affect the hyphal growth through both cAMP-dependent and cAMP-independent pathways.
Activation of the Ras/cAMP/PKA pathway by overexpressing a constitutively active form of Ras (Ras1V13), the deletion of PDE2 or the deletion of BCY1 promotes filamentation in C. albicans (Feng et al., 1999; Jung et al., 2005; Ding et al., 2016) . Consistently, inactivation of this pathway by the deletion of CYR1 or both TPK1 and TPK2 completely blocks the filamentous growth in response to many strong inducers including serum, N-acetylglucosamine (GlcNAc) and high levels of CO 2 (Klengel et al., 2005; Cao et al., 2017) .
The Ras effector adenylyl cyclase (Cyr1) is thought to be a hub of environmental signal sensing and integration in C. albicans (Wang, 2013) . Cyr1 is a large protein and contains multiple functional domains responsible for different environmental stimuli (Fig. 2) . For example, the Gα-interacting domain of Cyr1 is associated with the α subunit of a heterotrimeric G protein in response to glucose and amino acids (Maidan et al., 2005a; 2005b) . The Ras-association (RA) domain mediates the interaction of Cyr1 and Ras1, which is essential for the increase in cAMP level and hyphal growth in response to inducing factors (Fang and Wang, 2006) . The leucine-rich repeat (LRR) domain is responsible for peptidoglycan (PGN) sensing and the high temperature (> 37°C)-regulated hyphal growth via physical interaction with Hsp90 (Xu et al., 2008; Shapiro et al., 2009) . It has been suggested that PGN released by the commensal bacteria is the major active component in serum for hyphal induction (Xu et al., 2008) . Also, there are a protein phosphatase 2C (PP2C) domain, a cyclase catalytic domain and a cyclase-associated protein (Cap1) binding domain (CBD) at the C-terminal of C. albicans Cyr1.
CO 2 or HCO 3 − directly binds to the cyclase catalytic domain and stimulates the production of cAMP and thus promotes filamentation in C. albicans (Klengel et al., 2005) . Hall et al. (2010) identified Lys 1373 of Cyr1 as the CO 2 /bicarbonate receptor site, which is essential for the CO 2 -induced filamentation (Hall et al., 2010) . The quorum sensing molecule farnesol may also inhibit the activation of Cyr1 through the cyclase catalytic domain and therefore suppress hyphal growth (Davis-Hanna et al., 2008) . The addition of db-cAMP, a non-hydrolysable functional analogue of cAMP, restores the filamentous growth in cultures that contain farnesol, and this filamentation is dependent on the transcription factor Efg1, downstream of the Ras/ cAMP/PKA pathway (Davis-Hanna et al., 2008) . Farnesol suppresses the filamentous growth and heat shock sensitivity of the CAI4-Ras1G13V strain carrying a dominant active variant of Ras1. Farnesol induces the expression of CTA1 and HSP12 in the wild-type strain, and the two genes are also overexpressed in the null mutants of RAS1 or CYR1 (DavisHanna et al., 2008) . However, the RNA polymerase II regulator Eed1 that regulates quorum sensing is independent of the Ras/cAMP/PKA pathway in C. albicans. The deletion of EED1 led to the increase in farnesol production and hypersensitivity to farnesol in C. albicans (Polke et al., 2017) .
In S. cerevisiae, the Cyr1 activity depends on the interaction with the cyclase-associated protein Cap1 which is also a G-actin-binding protein (Fedor-Chaiken et al., 1990) . Zou et al. (2010) identified the CBD domain as the binding site of the Cap1-G-actin complex in C. albicans and provided evidence that G-actin regulates Cyr1 activity through this interaction (Zou et al., 2010) . This study provided the first molecular link connecting Cyr1 with G-actin which had been known to influence cAMP-mediated cellular processes.
It has been demonstrated that Tpk1 and Tpk2 play both redundant and distinct roles in the regulation of hyphal growth in C. albicans strains derived from the CAI4 background. In these strains, the URA3-IRO1 locus is absent which compromises virulence in C. albicans (Chibana et al., 2005) . reported that the tpk1/ tpk1 mutant shows a serious defect on solid inducing media but forms normal hyphae in liquid media, whereas the tpk2/tpk2 mutant grows exclusively as yeast cells in liquid media but is partially defective on solid media . We recently generated the tpk1/tpk1, tpk2/ tpk2 and tpk1/tpk1 tpk2/tpk2 mutants in the SN152 strain in which the URA3-IRO1 sequence had been reintegrated (Cao et al., 2017) . A detailed study of filamentation indicates that Tpk2 plays a major role in the regulation of the filamentous growth in both liquid and solid media. Under several culture conditions including Lee's glucose, Lee's GlcNAc and Spider media, the deletion of either TPK1 or TPK2 does not affect the filamentous growth. However, no hyphal growth was observed in the tpk1/tpk1 tpk2/tpk2 double mutant under all inducing conditions tested, suggesting that the catalytic subunit is essential for hyphal growth (Cao et al., 2017) . Global transcriptional profile analysis demonstrates that the tpk1/tpk1 tpk2/tpk2 and cyr1/cyr1 mutants share a high similarity in the regulation of hyphal development, metabolism and stress response-related genes (Harcus et al., 2004; Cao et al., 2017) . The discrepancy between the Bockmuhl study and ours could be due to the different parental strains used for the generation of the TPK mutants Cao et al., 2017) . However, it is unknown whether the URA3-IRO1 locus is involved in this regulation.
The cAMP/PKA signaling and MAPK pathways may coordinately regulate morphological changes in C. albicans. In response to the environmental stimuli, Ras1 conveys signals to both the cAMP/PKA signaling and MAPK pathways to promote the filamentous growth (Leberer et al., 2001) . The transcription factors Efg1 and Flo8 are two potential targets of PKA and play critical roles in the control of filamnetous growth in C. albicans (Lo et al., 1997; Cao et al., 2006) . Although the deletion of EFG1 seriously reduces the ability of the filamentous growth, the efg1/efg1 mutant is able to form long cells and filaments that are morphologically different from true hyphae formed by the wild-type strain. Also, the efg1/efg1 mutant forms abundant pseudohyphae on solid agar containing serum (Lo et al., 1997) . C. albicans Cph1 is a homolog of S. cerevisiae Ste12, a transcription factor downstream of the Ste11-Ste7-Kss1/Fus1 MAPK pathway (Liu et al., 1994) . Although the cph1/cph1 mutant exhibits reduced the filamentous growth on the solid medium, it is able to form hyphae in response to the serum (Liu et al., 1994) . However, the efg1/efg1 cph1/cph1 mutant is locked in the yeast form (Lo et al., 1997) . Global gene expression profile analysis indicates that Efg1 and Cph1 control a set of common and distinct hypha-specific genes and downstream effectors (Braun and Johnson, 2000) . Taken together, the Efg1-mediated cAMP/PKA signaling and Cph1-mediated MAPK pathways have redundant and distinct roles in the regulation of filamentation.
It has been suggested that Thr-206 of Efg1 is a potential PKA phosphorylation site essential for hyphal morphogenesis under several inducing conditions ).The LisH motif-containing the transcription factor Flo8 is required for hyphal growth induced by serum, Lee's medium and CO 2 (Cao et al., 2006; Du et al., 2012) . It has been shown that Flo8 physically interacts with Efg1 in both yeast and hyphal cells (Cao et al., 2006) , suggesting that the two transcription factors may function synergistically. In response to the increased levels of CO 2 , the Ras/cAMP/PKA pathway integrates with the tricarboxylic acid (TCA) cycle and transcription factor Sfl2 to regulate the filamentous growth in C. albicans. ATP and cAMP may function as molecular linkers in this regulation .
Interestingly, despite its central role in hyphal development under many culture conditions, the Ras/cAMP/ PKA pathway may also play a negative role in this regulation under certain conditions. For example, the flo8/ flo8, efg1/efg1 and cyr1/cyr1 mutants show increased hyphal growth under embedded (or microaerophilic) conditions compared to the wild-type strain (Cao et al., 2006) , suggesting that Flo8 and Efg1 could also function as repressors of hyphal development under certain culture conditions. However, the underlying mechanism remains to be investigated.
Roles of the Ras/cAMP/PKA pathway in white-opaque switching and sexual mating
White-opaque switching is another morphological transition system and is associated with sexual mating in C. albicans and its related species C. tropicalis and Candida dubliniensis (Slutsky et al., 1987; Pujol et al., 2004; Porman et al., 2011; Xie et al., 2012) . White and opaque cells are different in several aspects including morphology, mating competency, metabolic profiles and susceptibility to antifungals and host immune cells (Lohse and Johnson, 2009; Soll, 2009) . White cells are round and form dome-like and shining colonies on nutrient agar, while opaque cells are large and elongated and form rough and flat colonies (Slutsky et al., 1987) . Both white and opaque cells are heritable and can maintain their original cell type for many generations (Slutsky et al., 1987) .
GlcNAc, CO 2 and acidic pH conditions induce the white-to-opaque switch in C. albicans (Slutsky et al., 1987; Huang et al., 2009; Sun et al., 2015) . GlcNAc functions primarily through the Ras/cAMP/PKA pathway, while this pathway only plays a minor role in CO 2 and pH-induced switch in C. albicans (Huang et al., 2009; Sun et al., 2015) . The deletion of RAS1, CYR1 or TPK2 dramatically decreases the white-to-opaque switching frequency in the presence of GlcNAc. Consistently, the overexpression of RAS1V13 (encoding the active form of Ras1), the overexpression of TPK2 or the deletion of PDE2 causes a mass conversion to the opaque phenotype under the same culture conditions (Huang et al., 2010) . The deletion of the PKA regulatory subunit-encoding gene BCY1 also promotes the opaque phenotype and can even induce white-to-opaque switching in an MTLa/α background strain, which is normally switching-incompetent (Ding et al., 2016) . However, in the presence of Tpk2, the Tpk1 isoform of the PKA catalytic subunit seems to function as a negative regulator of white-to-opaque switching in C. albicans (Cao et al., 2017) .
CO 2 and pH are associated since the hydrolysis of CO 2 results in the production of protons and acidification. The deletion of CYR1 reduces the switching frequency to the opaque phenotype under 5% CO 2 and acidic pH conditions (Huang et al., 2009; Sun et al., 2015) . This effect could be due to the reduced basal switching frequency of the mutant. However, in 20% CO 2 , the whiteto-opaque switching frequency of the cyr1/cyr1 mutant is comparable to that of the wild-type strain (Huang et al., 2009) , suggesting that, besides the cAMP/PKA signaling, there could be a major unidentified pathway involved in the induction of the opaque phenotype and CO 2 sensing. These two signaling pathways converge on the transcription factor Flo8 and the master regulator Wor1 in the regulation of white-opaque switching . The flo8/flo8 mutant is locked in the white phase in glucose-containing media in the air or 5% CO 2 but can switch to the opaque cell type in the presence of GlcNAc , indicating that Flo8 plays a key role in CO 2 sensing. However, the deletion of WOR1 locks the C. albicans cells in the white phase under all culture conditions, whereas the overexpression of WOR1 results in a mass conversion to the opaque phenotype (Huang et al., 2006; Srikantha et al., 2006; Zordan et al., 2006; Huang et al., 2009; . In contrast, Efg1 negatively regulates whiteto-opaque switching in C. albicans (Sonneborn et al., 1999; Srikantha et al., 2000; Zordan et al., 2007) . Even in MTLa/α strains, the efg1/efg1 mutant can switch to the opaque phenotype in the presence of GlcNAc (Xie et al., 2013) . Sequence analysis indicates that Efg1, Wor1 and Flo8 contain one or more potential PKA phosphorylation sites, suggesting that they could be regulated by the Ras/ cAMP/PKA pathway and control white-opaque switching in a coordinated manner. In agreement with this idea, mutation of the potential PKA phosphorylation site Thr67 of Wor1 leads to a significantly reduced activity (Huang et al., 2010) . However, blocking the Ras/cAMP/PKA pathway by the deletion of CYR1 or the two TPK genes does not lock the C. albicans cells in the white phase, implying that this pathway is not essential for the formation and maintenance of the opaque phenotype (Huang et al., 2009; Cao et al., 2017) .
In C. tropicalis, GlcNAc also induces the opaque phenotype through the Ras/cAMP/PKA pathway, but CO 2 and acidic pH conditions suppress white-to-opaque switching (Zheng et al., 2017) . In contrast to C. albicans, alkaline pH conditions induce the opaque phenotype in the presence of GlcNAc in C. tropicalis (Zheng et al., 2017) . The different responses to pH in C. albicans and C. tropicalis could be due to their adaptation features to their natural niches. C. albicans is primarily a commensal of humans, while C. tropicalis is not only a human commensal but also frequently isolated from different ecological niches, especially marine-related environments with an alkaline pH (Hagler and Mendonca-Hagler, 1981; Kutty and Philip, 2008) .
The conserved Ras/cAMP/PKA pathway is involved in the regulation of sexual reproduction in many fungi (Kunitomo et al., 2000; CervantesChavez et al., 2009; Weidberg et al., 2016) . We recently found that the deletion of both TPK1 and TPK2 dramatically increases the mating efficiency in C. albicans (Cao et al., 2017) . Tpk2 plays a major repressing role in the regulation of sexual mating. In C. albicans and C. tropicalis, white-opaque switching is coupled with sexual mating and only opaque cells can mate efficiently (Miller and Johnson, 2002; Porman et al., 2011; Xie et al., 2012) . Given the critical role of the Ras/cAMP/PKA pathway in white-to-opaque switching, blocking this pathway in C. albicans would have an indirect effect on sexual mating by limiting the formation of the mating-competent opaque cell type.
Roles of the Ras/cAMP/PKA pathway in chlamydospore formation, biofilm development, cell death and susceptibility to antifungals
In C. albicans, the Ras/cAMP/PKA pathway is also involved in the regulation of biofilm development, chlamydospore formation, susceptibility to antifungals, cell death and other aspects (Jain et al., 2003; Phillips et al., 2006; Yi et al., 2011; Wang et al., 2015; Bottcher et al., 2016; Kim et al., 2017) . Biofilms are a collective of microbial cells that grow on biological or nonbiological surfaces and are encased in a matrix of exopolymeric materials. C. albicans can form biofilms on implanted medical devices such as catheters and dentures (Nobile and Johnson, 2015) . Cells in biofilms are more resistant to antifungals and other stresses. Regarding the mating type (MTL) configurations, there are two types of C. albicans strains in nature (Yi et al., 2011) . One is homozygous at the MTL locus (a/a or α/α), and the other is heterozygous (a/α). Biofilms formed by the MTL-homozygous strains (called 'sexual biofilms') are architecturally similar to the MTL-heterozygous biofilms (called 'pathogenic biofilms') formed by a/α strains. However, the former is more permeable, penetrable and antifungal susceptible than the latter (Yi et al., 2011) . The MTL-homozygous biofilms are majorly governed by the Ste11-Hst7-Cek1/2 MAPK cascade, while the MTL-heterozygous biofilms are controlled by the Ras/cAMP/PKA pathway (Yi et al., 2011) . Several studies also demonstrate that some chemicals such as hinokitiol and baicalin affect the biofilm formation through the regulation of the expression of the Ras/ cAMP/PKA pathway components (Wang et al., 2015; Kim et al., 2017) . Moreover, Tpk1 plays a key role in the development of biofilm and cell wall integrity and structure through the control of the expression of cell wall proteins (Fanning et al., 2012) .
Chlamydospores are another type of cellular morphology of C. albicans (Staib and Morschhauser, 2007) . They are often produced at the ends of filaments under poor-nutrient conditions. Two striking features of chlamydospores are their large cell size and thick cell wall. The TOR pathway is the primary regulator of this process, whereas the Ras/cAMP/PKA pathway plays a secondary role (Bottcher et al., 2016) . The deletion of RAS1 or CYR1 leads to a defect of chlamydospore formation, which can be partially rescued by the addition of cAMP. The stalklike 'finger' is a novel colony morphology of C. albicans (Daniels et al., 2012) . 'Finger' colonies extend aerially, are uniform in diameter, visible to the naked eye and up to 3 mm in length. The Ras/cAMP/PKA pathway has been indicated to regulate the 'finger' morphology at high CO 2 levels (Daniels et al., 2012) .
Similar to S. cerevisiae, C. albicans undergoes programmed cell death (PCD) in stressful environments such as the presence of acetic acid, H 2 O 2 and antifungals (Phillips et al., 2003) . Activation of the Ras/cAMP/ PKA pathway by the deletion of PDE2 or ectopic expression of RAS1V13, the active form of Ras1 accelerates cell death, whereas inactivation of this pathway by the deletion of RAS1, CYR1, TPK1 or TPK2 delays cell death in C. albicans (Phillips et al., 2006) . Also, the deletion of the regulatory subunit-encoding gene BCY1 causes cell death under normal laboratory culture conditions (Ding et al., 2016) . In the absence of essential nutrients, GlcNAc induces rapid cell death in C. albicans (Du et al., 2015) . Inactivation of the Ras/cAMP/PKA pathway delays but does not block cell death under this condition. It has been reported that the deletion of RAS1 or CYR1 makes C. albicans more susceptible to antifungals including fluconazole, itraconazole and miconazole (Jain et al., 2003) . This increased susceptibility could be due to the failure of the upregulation of the multidrug transporter gene CDR1.
Conclusions and future directions
The Ras/cAMP/PKA pathway has been studied intensively in the human fungal pathogen C. albicans in the past two decades. It has become increasingly clear that in addition to its essentiality to cell viability, the Ras/ cAMP/PKA signaling pathway plays a key role in the regulation of multiple cellular processes including cell growth, morphological transition, sexual mating, virulence, stress response and cell death. Also, this pathway has the fascinating capacity to sense and respond to diverse environmental signals of distinct physical and chemical natures and execute appropriate cellular events. However, the position of this central regulatory pathway connecting multiple variables from upstream to downstream raises the question of how it can differentiate and process the signal input from different external cues to produce an appropriate signal output that will specifically activate, for example, only the yeast-tohyphae transition but not white-to-opaque switching or cell death. As a commensal pathogen, C. albicans encounters complex host niches where multiple inducing signals often coexist. Undoubtedly, the Ras/cAMP/ PKA signaling pathway plays a crucial role in C. albicans adaptation to the wide range of challenges in the human host. In future studies, more investigations are required to identify sensing mechanisms for different signals, points of signal inputs along the pathway, interaction with other signaling cascades and the mechanisms for specific activation of downstream events. The differential regulation and coordination of the two catalytic subunits (Tpk1 and Tpk2) of PKA could be of high importance given their distinct, redundant and even opposite roles manifested in different biological processes. Application of the many powerful tools of systems biology and new gene editing technologies will certainly facilitate and drive discovery and progress in these investigations. Moreover, as the rapid worldwide emergence and spread of multi-drug resistant C. albicans and other Candida species pose a serious public health threat, there is an urgent need to develop new classes of antifungals. Given the essentiality of the Ras/cAMP/PKA pathway to cell viability and its role in virulence-related traits, chemicals targeting key components of the pathway could be explored to develop new therapies.
